Use of springs made of an alloy with shape memory (SMA) to shape the dynamic characteristics of a resonance vibration screen is proposed in this paper. These springs change spring constant as a result of temperature changes. Thus it is possible to change their resonance frequency in real time. In the paper a mathematical model of a controlled SMA spring was formulated and its parameters were identified. In the model both the effect of spring coefficient changes and damping changes depending upon alloy temperature and spring vibration frequency were taken into consideration. Experimental investigations of the examined spring and screen physical model were carried out and selected characteristics were also included. The investigations were carried out at the Dynamics and Control of Structures Laboratory of AGH University of Science and Technology. The control law was formulated. Simulation investigations of the mathematical vibration screen model in both open and closed loop systems were made. It was shown that the elaborated control system is robust of vibration mass changes by as much as ±30%.
INTRODUCTION
Vibration screens are machines used in the process of sifting materials [1] i.e. rock minerals, metal ores, seeds, hard fruit and so on. They usually work as preresonant or superresonant systems, but with regard to energy, most advantageous is their resonant frequency operation (resonant vibration screens); in this case, system efficiency is highest [2] . The resonant vibration screens are designed to maximise the Q-factor (defined as the ratio of energy stored to energy lost by the system) in order to minimise energy dissipation, and in consequence the characteristic around resonance is very steep. Because the amount of sifted material is variable, the mass on the screen fluctuates and every change of vibration mass causes a strong change in vibration amplitude [3] . Both frequency and vibration amplitude are essential parameters of the screen's work [4, 5, 6] . For a given resonance amplitude of displacement, amplitude of force is the lowest. With regard to the necessity of minimising the variation in amplitude of screen vibration connected with vibratory mass changes, the screens are designed as machines working beyond resonance [7] , [8, 9] . The necessity to minimise amplitude variation and dissipated energy are opposing tasks. That is why research on screens working in resonance has been undertaken [2, 3, 10] . From theoretical analysis it results that for systems with zero damping, amplitude of resonance vibration aims at infinity. In practice one must always deal with dissipation of energy (structural, coulomb viscose or viscoelastic damping of leading elements, etc.). This effect makes work in the area of resonance possible because for resonance frequency, amplitude is limited. Babitsky et al. in [3] showed the idea of a screen operating around resonance as well as the construction of a drive and control system. They constructed a model of a screen with an electromagnetic drive and control system as well as presenting the results of simulation investigations including its characteristics. In this work [3] the stability of such a system was also analysed. Similarly to [3] , in [10] the authors also consider synchronisation of excitation with system vibration.
From a physical point of view, the screen can be regarded as a mass supported by springs, forced by an electromechanical vibration generator (electric engine or electrodynamic exciter). The resonance frequency of such a system depends mainly on suspension system stiffness and the value of the vibrating mass which comprises the total mass of the vibrating part of the screen and the sifted material. Continual changes in the sifted material mass connected with the technological process directly influences the change of this frequency.
For a resonance screen excited by a vibration exciter with constant frequency ω e , every change of resonance frequency ω r causes a change of vibration amplitude; the higher it is, the lower the level of damping that occurs. This change can be compensated by tuning the electromechanical vibration exciter to the current resonance frequency (ω e = ω r ) of the screen (for example, through the use of a frequency-controlled AC motor drive). However, frequency and work amplitude are technologically determined and its changes causes a decrease of process efficiency. In such a case, one can tune the screen to optimum operating frequency (from a technological point of view), for example, by changing the spring constant. One way to enable stepless change of suspension stiffness is to use springs made of shape memory alloy (SMA).
SMA are alloys in which thermoelastic phase transitions are caused by supplied thermal energy and/or applied external stress. One can distinguish three effects occurring in SMA connected with phase transitions: one-way, two-way shape memory effect and pseudoelasticity [11, 12] . Thanks to their unique properties these alloys are used in many fields of technology and medicine. Most often they are used as connecting elements and actuators or as prostheses or implants and other elements implanted in organisms in the form of clamps, screws, grips, etc.
Works on the use of smart materials in systems of vibration reduction are appearing more and more often in the literature [13, 14, 15] . Elastic elements made of SMA are used as active, semi-active [16, 17] or passive elements. Because active elements made of alloys with shape memory are characterised by a high time constant, their use in active reduction systems is limited to low frequency vibration. More often they are used in semi-active systems as elements with controllable parameters. In this case, changes of their mechanical properties, such as stiffness and damping, are used. Changes of the stiffness of the SMA element are connected with Young's modulus change [18] caused by external thermal energy.
One example of the use of SMA springs might be a dynamic vibration absorber system [19, 20, 21, 22, 23] . Using SMA springs with controlled stiffness, one can tune a dynamic vibration absorber to the actual frequency of disturbance. Thanks to changes of stiffness and damping, one can shape the dynamic characteristics of the vibration reduction system. Therefore it is possible to operate the spring so that the vibration amplitude is amplified by being tuned to resonance.
In this work the problem of shaping the dynamic properties of a vibration system with an SMA spring, on the example of a vibration screen working with resonance frequency, was undertaken. Use of a controlled SMA spring in a system of screen suspension was considered. Such an approach enables the limitation of excessive amplitude increases within a resonance band and corrections in changes of screen resonance frequency connected with changes of sifted mass.
The developed and constructed SMA spring was examined on a laboratory rig. Its mathematical model was formulated and parameter identification carried out.
The results of the model simulation investigations were compared with real spring characteristics. Then the developed spring was used in a physical model of the vibration screen. A mathematical model of this system was formulated. Simulation and laboratory investigations were carried out and results were compared to verify model. Model studies on the influence of screen mass and SMA spring temperature
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on its dynamic characteristics were carried out. Because screen excitation has constant parameters, changes of resonance frequency connected with fluctuation of resonance screen mass cause an essential change of its vibration amplitude. The effect of a change of resonance frequency can be compensated by a change of suspension spring stiffness. For this frequency to be controlled, the control law was proposed. Simulation investigations of the control system were carried out as well.
THE SMA SPRING
The constructed spring as simply supported beam made of six bars of NiTi alloy (48Ni-46Ti-6Cu WT %) is shown in Figure 1 . The spring was installed on a laboratory stand in the system shown in Figure 2 and heated according to Joule's law. In the system displacement x, in the form of kinematic excitation applied at point C, was given (half of distance AB). Spring-restoring force F and spring temperature T were measured. Kinematic excitation in the form of signalstriangular, sinusoidal and sinusoidal -of linearly increasing frequency in a range of 0.5 to 15.0 Hz in time 200 s was applied by means of an electrohydraulic exciter. Figure 3 presents static characteristics, obtained during investigations, of the SMA spring for temperatures 25°C and 80°C, for which the NiTi alloy was in martensite and austenite phases respectively. These characteristics show the dependence of the spring-restoring force as a function of its deflection. From the presented characteristics it results that SMA spring stiffness increases with increases of alloy temperature. Stiffness ratio is calculated as follows: In [18] a mathematical description of the SMA spring was proposed in form (2) where coefficients k and c were subjected to temperature T [°C] and excitation frequency ω [rad/s] eqns (3, 4) .
(2)
Spring stiffness ratio k(T, ω) was approximated using formula (3)
where coefficients a 1 , a 2 , a 3 and a 4 were determined by the method of least squares. 
where coefficients b 1 and b 2 were determined by the method of least squares. As can be seen, coefficient c is independent of temperature.
Considering formulas 3 and 4, eqn (2) takes the form: Spring reaction force vs deflection characteristics for various frequencies and temperature 80°C
characteristics obtained for the same values of displacement and velocity. However, in the case of the real spring, force F was measured by means of a sensor, while for the model it was determined from formula (5) . Figure 7 presents a physical model of the screen with the SMA spring, installed on a laboratory stand. The sprung mass amounted to 34 kg, and the spring was heated by electric current. This system was tested using a kinematic shaker, operated by means of a sinusoidal displacement chirp-type signal. Obtained characteristics of sprung mass displacement for various temperatures of the SMA spring are shown in Figure 8 . It can be seen that resonance frequency essentially changes with the temperature of the SMA spring.
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(a) (b) Figure 6 .
Comparison of the real spring and its model reaction force F vs displacement x for the temperatures 25ºC and 80ºC and various frequencies 2Hz and 12Hz
MATHEMATICAL MODEL OF THE SCREEN
The mathematical model of the resonance screen was formulated based upon its calculation scheme (Figure 9 ). A multidimensional model of the vibration screen was reduced to a one-dimensional system in the form of mass supported by the SMA spring. Mass is forced by means of an exciter generating force F (7) . The SMA element was presented as controlled stiffness and controlled damper [18] . The equation of motion was written in the form (6) , where the SMA spring is described by means of function dependences k(ω, T) and c(ω) given by formulas (3) and (4).
where:
( ) = ω F Asin t Putting formulas (3, 4) to eqn (6) obtained the following:
Thus, the spectral transmittance of such an object for input in the form of force F and output in the form of displacement x is expressed by formula (9).
(9)
Analysing formula (9) , it can be observed that by changing temperature T, the dynamic characteristics and resonance frequency change too. Figure 10 shows force-to-displacement transmissibility function in relation to frequency and the SMA spring temperature. The characteristic was obtained for the screen mass m=34 kg. From Figure 10 , it is apparent that resonance frequency increases with temperature. It is possible to control the resonance frequency of the screen. This means that a change of resonance frequency caused by mass change can be corrected by controlling the spring temperature. In vibration screens the Q-factor has to be maximised, which means that the resonance frequency can be estimated by means of the natural frequency.
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Diagram of the resonance screen supported by the SMA spring Figure 10 . Force-to-displacement transmissibility function of a vibration screen with an SMA spring for a constant mass of 34kg and for various temperatures Figures 11 and 12 show how the natural frequency of the screen changes as a function of the SMA spring temperature and mass. Natural frequency was determined based upon (9) comparing the real part of spectral transmittance to zero, obtaining eqn (10): (10) thus (11) The determinant of square eqn (11) equals: (12) For the spring under consideration and for the values of parameters given above as well as for positive temperatures of the spring, the determinant of the square equation is greater than zero (∆>0). Because ͱස ∆>|a 2 |, there is only one positive solution for the square eqn (11) presented below. The determined frequency is the natural frequency of the system (9).
(13)
Presented below is a chart of changes of the natural frequency of the screen as a function of temperature ( Figure 11 ). It was assumed that the nominal working frequency of the screen is equal to f o = 8.78 Hz. This value was marked by a circle in Figure 11 . In this case the SMA springs have to be heated to the temperature To=52.5°C. The frequency band of the screen work for nominal mass (34kg) ranges from 7.6 Hz to 9.8 Hz (the temperature of the SMA spring is, respectively, 25°C and 80°C). The natural frequency may be changed by ±10 % in relation to its nominal value (f o = 8.78 Hz).
Use of the SMA spring enables control of the resonance frequency of the screen by changing the stiffness ratio. This makes it is possible to compensation of resonance frequency at changes of the screen mass between 23.7 kg and 44.3 kg (change ±30% of nominal mass equals 34 kg). Limiting values for the mass were determined from formulas (14) . heating of the spring the screen reaches the new operating point E (Figure 12 ). Figure 13 shows frequency response function for a constant temperature of the SMA spring and three masses (minimum, nominal and maximum). The operating points of the screen (A,B,C) were marked in Figure 12 .
Control system
For controlling the vibration screen with the SMA spring and adapting its resonance frequency for a given nominal value, the control system shown in Figure 14 was proposed. In the control system the fact that the resonance frequency of the screen can be estimated by natural frequency was used. The phase shift ϕ between force F and displacement x amounts to -90°. For that reason it was decided that the signal of feedback is the cosine of the phase shift angle. This signal is estimated in the 'phase detector' block based on formula (16) . The estimation error is inversely proportional to observation time T o , and is equal to zero for observation time T o , which is a multiple of the forced vibration period. 
Equation ( 
The norm in the vector space L 2 ([0,T], R) generated by this dot product is expressed by the following formula: Force-to-displacement transmissibility function of a vibration screen with an SMA spring for: masses m 1 =24.7 kg, m 2 =34.7 kg, m 3 =44.3 kg and temperature T=52.5°C Figure 14 .
Control system diagram
In this case, the cosine of the angle ϕ between the two vectors v and w is expressed as follows: (19) If vectors v and w are harmonic functions of the same frequency, and the time T is a multiple of the period, then the angle ϕ corresponds to the phase shift angle between these functions.
Spectral transmittance of the screen with the controller for force input F and displacement output x is given by formula (20) . (20) The frequency response function of the screen with controller (K=50) is presented in Figure 15 .
Additionally Figure 16 shows the influence of controller gain changes on frequency response characteristics for a system with a closed loop.
CONCLUSIONS
In the processing industry, vibration screens convert hundreds tons of material per hour. The essential problem is minimisation of the energy used for the excitation of vibration. Thanks to screen work with resonance frequency it is possible to optimise its consumption. This paper presented a resonance vibration screen in which a controlled SMA spring was used to compensate for resonance frequency changes. Thanks to this solution, the excitation system works with constant frequency and the vibration amplitude of the screen is independent of changes in mass.
To prove the efficiency of this solution, investigations of a designed and constructed SMA spring were carried out and a mathematical model was formulated; the results of simulation experiments of the spring model were compared with real characteristics. Controller synthesis and modelling • a controlled SMA spring made of alloy NiTi can change its stiffness by even 100%, • the SMA spring in a closed loop control system can adapt to mass changes even up to ±30%, • thanks to the use of a controlled SMA spring it is possible to construct a screen that works with a given resonance frequency, in spite of changes in vibration mass.
In the future, extension of the proposed system through a dynamic model of the unit controlling the SMA spring temperature is planned. Figure 16 .
Force-to-displacement transmissibility function of a controlled vibration screen for controller gain varying in range from K=1 to 300 and constant mass m=34 kg
